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I. INTRODUCTION
When a thermal plasma created by a cascaded arc expands through a nozzle into a low pressure region, a versatile high-quality particle beam is obtained that has been demonstrated to have many interesting features. 1, 2 Such an expanding thermal plasma ͑ETP͒ has important applications in plasma processing, as, for instance, in plasma enhanced chemical vapor deposition, surface passivation, and etching.
Particularly the application in thin layer deposition of hydrogenated amorphous silicon (a-Si:H) and carbon (a-C:H), where deposition of good quality material has been demonstrated at rates up to 10 nm/s, 2, 3 is very efficient. In many of these plasma processing applications, atomic hydrogen plays a key role as a chemical agent, and it is, therefore, often an important constituent of the plasma beams that are generated for those applications.
True control and optimization of the applications of an expanding plasma beam demands a thorough knowledge and understanding of the gas-phase plasma composition and kia͒ netics as well as of the processes taking place at the interface between plasma and condensed material. The study of the ETP features, and of low-temperature plasmas in general, requires a technique that is nonintrusive, in situ, and speciesselective. In addition, the technique should give quantitative results, and when it is applied for the detection of reactive ͑and thus short-lived͒ species, it should have a sensitivity that is sufficiently high to detect the consequently low density of such species. Optical/spectroscopic techniques generally are nonintrusive, in situ ͑and remote͒, and speciesselective, and the laser-induced fluorescence ͑LIF͒ technique adds an extreme sensitivity and an excellent spatial and temporal resolution to that. Numerous publications show the high diagnostic value of LIF as a probe for small molecules, molecular radicals, and atoms in their ground or excited states, in which easy concepts are used to interpret the LIF signal in terms of density, temperature, and velocity of the probed species. Consequently, the technique has found widespread application in many research areas including lowtemperature plasma research. 4 When applying LIF ͑and any other active optical/ spectroscopic technique͒ for the detection of ground-state atoms, one has to deal with the large energy spacing between the ground state and any excited electronic state in these atoms. In the case of atomic hydrogen, the energy difference between the nϭ1 ground state and the nϭ2 state is 10.2 eV, corresponding to a 121.6 nm Lyman-␣ photon, which is well in the vacuum ultraviolet ͑VUV͒ wavelength range. The use of a single-photon excitation LIF scheme for ground-state atoms has some serious drawbacks. First of all one needs experimentally demanding techniques for the generation of the necessary VUV photons. Moreover, many of the investigated media will be optically thick for these VUV photons due to a large single-photon absorption cross section and/or a relatively high ground-state atom density. These problems can be avoided by using a two-photon excitation scheme.
Such a two-photon excitation scheme was first demonstrated for atomic hydrogen and deuterium by Bokor et al. in 1981 . 5 In a short period of time two-photon excitation laserinduced fluorescence detection of ground-state atoms was also reported for nitrogen, 6 oxygen, 6-8 chlorine, 9 sulfur, 10 carbon, 11 and fluorine. 12, 13 After this pioneering work in which the measurement principle for these species was demonstrated, the two-photon LIF technique has been successfully applied to study a variety of reactive environments. In the field of low-temperature plasma research, where the technique is also referred to as ''two-photon absorption laser induced fluorescence ͑TALIF͒, ' ' there has been a considerable effort on atomic hydrogen detection, with important contributions from the group of Miller 14 -18 and many others. [19] [20] [21] [22] [23] In these studies, the H LIF signal from the plasma is used to determine the hydrogen concentration, assuming that the LIF signal intensity is proportional to the ground-state density. The valuable density information gained in these experiments, however, is usually only qualitative in nature, due to one of the few disadvantages of the LIF technique. Unless an analytical expression for the relation between the LIF signal intensity and the density of the probed species can be derived that can be evaluated from first principles, quantitative density measurements require a calibration of the LIF setup. In the case of stable neutral atoms or molecules a calibration is easily accomplished with, e.g., a gas cell containing a well-known pressure of the probed species. In the case of short-lived species like radicals or ions, calibration is less trivial.
The urgent need of quantitative data in this and other research fields has led to the proposal and/or demonstration of a few calibration methods for ͑two-photon͒ LIF measurements of ground-state atom densities. These methods can be distinguished by their different approach. The most common approach is to use a known amount of the probed species from an independent source as a reference that is subsequently measured in the same measurement setup. In this approach often a ''flow-tube reactor'' is used as a source of ground-state atomic radicals, in which the concentration of these radicals is determined by a chemical titration. This method is based on well-established flow reactor and titration techniques in chemistry 24 and has been applied for the calibration of LIF density measurements of several atomic radicals in plasmas, including atomic hydrogen 17, 25 and atomic oxygen. 26 Another approach is to also use an independent quantitative measurement technique to determine the density of the probed species. An example of such an approach is to compare the LIF measurements on a line through the investigated medium with the line-of-sight integrated absorption by the medium. Since this approach requires the availability of two independent accurate measurement techniques, it is less commonly reported. 20 A third and rather new approach is to generate a LIF signal from a known amount of a different, stable species by an excitation scheme that is very close to the one applied for the atomic radical. The atomic radical density in the plasma can then be determined from the ratio of the LIF signals when the relative detection sensitivity for the two species is known. This approach avoids the cumbersome generation of a known amount of atomic radicals from an independent source. The method has recently been demonstrated for the calibration of ground-state H densities 27 as well as of ground-state N densities 27,28 using a two-photon transition in krypton. The method has also been applied to calibrate the fluorescence yield of oxygen atoms via a two-photon transition in xenon. 29 This method is quite elegant and experimentally easy compared to others, but it relies on critical excitation cross section data not yet confirmed by other experiments.
The LIF technique also enables the determination of the temperature of the probed species, which is an important parameter in plasma research since it characterizes the plasma and it determines the plasma kinetics. In the case of molecules, the internal ͑rotational and/or vibrational͒ temperature can be derived from the relative distribution over internal quantum states. In the case of atoms, this concept can only be used to determine an ''electronic temperature,'' which often has a poor correlation with the kinetic temperature. The kinetic temperature can instead be derived from the velocity spread of the atoms, which is reflected in the Doppler width of the laser-induced transition. Of course this simple measurement concept only applies when the linewidth of the exciting radiation is of the same order or smaller than the Doppler width. For light atoms in reactive environments ͑like H in plasmas͒ this is often the case, thus enabling a reasonably accurate determination of the kinetic temperature of these atoms. 16 Besides determining the velocity spread, and from that the temperature, of the particles from the Doppler width, the Doppler shift of the center frequency of the laser-induced transition can be used to determine the average velocity of these particles. The Doppler shift can be determined either in an absolute way, i.e., on an absolute frequency scale, in which case the laser frequency needs to be calibrated, or in a relative way by comparing the signal of the moving particles to that of a nonmoving reference. In the field of lowtemperature plasma research, the velocity and the corresponding kinetic energy of plasma particles is an important parameter, for instance, to determine particle and/or energy fluxes in plasma processing. Nevertheless, only a few studies exist in which the LIF technique is applied to measure velocities of particles in plasmas, 30, 31 and to the best of our knowledge our group was the first to report velocity measurements of ground-state atoms using the two-photon LIF technique. 32 In this study, two-photon excitation laser-induced fluorescence is applied to perform quantitative and spatially resolved measurements of the density, temperature, and velocity of ground-state hydrogen atoms in an expanding thermal Ar-H plasma created by a cascaded arc. The excitation and detection scheme for ground-state H applied in this work is the scheme that was originally demonstrated by Bokor et al. in 1981. 5 In this scheme H is excited with two 205 nm photons from the nϭ1 ground state to the nϭ3 state. The resulting nonresonant laser-induced fluorescence on the Balmer-␣ transition between the nϭ3 and nϭ2 state is detected at 656 nm. After a description of the experimental setup in Sec. II, this scheme and its suitability for application in the ETP is discussed in detail in Sec. III. Next, the applied LIF measurement concept is described, and the determination of the local density, temperature, and velocity of H from the acquired LIF signal is discussed separately in the subsequent sections IV, V, and VI, respectively. Since we aim at accurate quantitative measurements, these sections give a careful analysis of the phenomena that ͑could͒ affect the interpretation of the LIF signal in terms of these quantities.
Quantitative velocity measurements are obtained by calibrating the laser frequency. This is accomplished by using a part of the output of the laser system at the fundamental frequency around 615 nm for the simultaneous recording of the molecular iodine absorption spectrum. In this region, the I 2 spectrum shows many absorption lines that are tabulated in frequency to a high accuracy. 33 This frequency calibration method is widely used in spectroscopic applications and it allows us to reach an accuracy in the velocity measurements that is sufficient to gain valuable information about the flow pattern in the ETP.
For the calibration of the LIF setup for the H density measurements, two different approaches are used. Section VII A describes the density calibration via the ''classical'' approach of a measurement of the H LIF signal from a flowtube reactor. This method is experimentally quite elaborate and needs careful execution. Therefore we also performed a calibration via the above mentioned ''new'' approach of generating a two-photon LIF signal from krypton at a fixed pressure, which is the subject of Sec. VII B. The subsequent comparison between the two calibration methods enables a first validation of the previously reported excitation cross section data. 27 The two-photon LIF technique has been used to completely map the H density, temperature, and velocity ͑along two independent axes͒ in the ETP. A lot of effort has been spent to quantify the data and to assess its reliability. Among others a time-resolved study has been performed, both experimentally and computationally, to investigate the occurrence and the effect of collisional quenching of the twophoton LIF signal in our experiments. All this resulted in a large data set from which a lot of physical information can be extracted. It enables, for instance, a detailed study of the expansion properties of the plasma jet. Here we focus on the basic measurement method, its applicability in the type of plasma we are studying, and on the techniques to quantify the data. The time-resolved study on collisional quenching of the two-photon LIF signal from low-temperature plasmas is reported in a separate paper, 34 as is the in-depth physical discussion of the expansion properties of the plasma jet. 32, 35 
II. EXPERIMENTAL SETUP
A scheme of the experimental setup is depicted in Fig. 1 . The cascaded arc plasma source has already been described in detail elsewhere. 36 In the experiments described in this article it is operated on a 40 A dc current with a typical corresponding voltage of 100 V between the three cathodes and the anode plate. The plasma expands from the 3 mm diameter arc channel, where the pressure is typically 0.6 bar, into a roots-blower pumped vacuum vessel with a background pressure of 14 Pa. For the atomic hydrogen measurements a 6 to 1 Ar-H 2 gas mixture with a 50 sccs Ar flow and a 8.3 sccs H 2 flow is fed into the cascaded arc. These experimental conditions are close to those used for the fast deposition of a-Si:H. 2 The cascaded arc plasma source is mounted on a translation stage. Spatial scans through the expanding plasma are performed by moving the cascaded arc relative to the intersection of the laser beam and the detection volume.
The laser system that is used to produce the tunable UV radiation is based on a pulsed Nd:YAG/dye-laser combination. The frequency-doubled output ͑300 mJ pulse energy at 532 nm͒ of a 50 Hz injection-seeded Nd:YAG laser ͑Spectra-Physics/Quanta-Ray, GCR-230͒ is used to pump a tunable dye laser ͑Spectra-Physics/Quanta-Ray, PDL-3͒. The dye laser has a bandwidth of 0.07 cm Ϫ1 and is used around 615 nm. The output of the dye laser ͑typically 60 mJ͒ is frequency-tripled in two stages. First, the fundamental dyelaser frequency is doubled in a KD*P crystal and then this frequency-doubled UV light is mixed with the residual red dye-laser output in a BBO crystal for sum-frequency generation. In between the KD*P and the BBO crystal a wave plate ͑/4 for the blue beam͒ is used to match the polarization angles of the fundamental and the frequency-doubled light to each other again. The tripled frequency component is separated from the others and directed towards the vacuum vessel using high-power, high-reflective dielectric mirrors for 205 nm ͑45°͒ that are transparent for the other wavelengths ͑La-serOptik GmbH͒. Wavelength separation is in this way less perfect compared to, for instance, using Pellin-Broca prisms, but due to absorption losses with the latter method, the use of the mirrors is found to easily enhance the 205 nm output energy by a factor of 2. This procedure results in typically 1 mJ of tunable UV light around 205 nm, with an estimated bandwidth of 0.2 cm
Ϫ1
. Both crystals are automatically tracked while tuning the wavelength of the dye laser.
The frequency-tripled laser light is directed into the vessel either perpendicular to the plasma expansion axis or counterpropagating with respect to the expansion, depending on the required velocity measurement. In the default perpendicular configuration, where radial velocities can be measured, the UV laser light is focused into the plasma with a 60 cm lens. When axial velocities are to be measured, a 1 m focusing lens is used in combination with a quartz rightangle prism which is at a distance of at least 65 cm from the cascaded arc nozzle. The prism directs the light antiparallel to the plasma jet. In this way only the prism is exposed to the plasma, and the combination of its relatively large distance from the plasma source with its mounting in a water-cooled protection cylinder ensures a few hours of measurement time before cleaning of the prism is necessary.
The laser-induced fluorescence originating from the focus is imaged onto a slit mask, in a direction perpendicular to the plane formed by the laser beam and the symmetry axis of the expansion. This is done by two 10 cm diameter planoconvex lenses with focal lengths of 40 cm. The 40 cm distance of the first lens from the laser focus is imposed by the geometry of the vessel. As a consequence, the solid angle of the detection is limited to 4.9ϫ10 Ϫ2 sr. The slit mask, which is 0.35 mm wide and has a variable length up to 10 mm, is placed parallel to the laser beam and defines the spatial resolution. The width of the slit mask ensures that all H fluorescence will pass the mask up to the highest observed H velocity. For a velocity of 4500 m/s ͑see Sec. VI͒, the transit time through the detection volume is Ϸ80 ns, which is nearly one order of magnitude longer than the H(nϭ3) fluorescence lifetime ͑10 ns, see Sec. IV͒. The laser-induced fluorescence that passes the slit mask is detected by a photomultiplier tube ͑PMT͒. For almost all LIF measurements a highly sensitive, gated PMT is used ͑Hamamatsu, R928͒. The continuous background light emitted by the plasma is strongly reduced by a Balmer-␣ (H ␣ ) bandpass filter with a 10 nm bandwidth ͓full width at half maximum ͑FWHM͔͒ centered around 656 nm in front of the PMT. However, the suppression of the plasma emission by the optical filter is not always sufficient to allow the PMT to be used with maximum gain. This is, for instance, the case in the Ar-H plasma close to the nozzle orifice where the plasma emits much Balmer-␣ radiation. This is a well-known problem in the application of the LIF technique in light emitting media like those encountered in plasma and combustion research, which is usually solved by gating the detection. The Hamamatsu PMT R928 is equipped with a gate unit that enables triggered operation of the PMT during a short time interval with a preset duration between 0.8 and 10 s. This further reduces the continuous background by a factor of 2ϫ10 4 , in principle enabling operation of the PMT with maximum gain in all circumstances. In the case of the Kr LIF measurements ͑see Sec. VII B͒ a long-pass filter that cuts off below 700 nm is used to reduce the laser stray light impinging onto the PMT.
For time-resolved fluorescence measurements a very fast ''metal package'' photomultiplier tube ͑Hamamatsu R5600P-01͒ is used. 34 This rather new type of PMT combines a 1.5 ns FWHM single photon response time with a gain of up to 10 6 . The PMT signal is recorded by a 500 MHz 1 Gs/s 8-bit digital sampling oscilloscope. The signal trace is transferred to a PC where it can be analyzed. This enables both timeintegrated and time-resolved measurements. In the case of time-integrated measurements, it allows for baseline corrections and a precise signal integration over time, yielding a FIG. 1. Scheme of the experimental setup. The cascaded arc plasma source is mounted on a translation stage that enables spatially resolved measurements. The laser beam is directed either perpendicular to the expansion axis ͑as in the front view͒ or counterpropagating with respect to the expansion ͑as in the top view͒, depending on the required velocity measurement. The fluorescence is detected under right angles. Part of the dye-laser output is used for the simultaneous recording of the I 2 absorption spectrum for wavelength calibration.
signal-to-noise ratio better than those of analog integration devices, especially in the case of a high background signal. The PC also controls the wavelength scanning of the dye laser.
The laser wavelength is calibrated by recording simultaneously the I 2 absorption spectrum, of which the line positions are tabulated to a high accuracy. 33 For this, part of the red dye-laser output is directed through a I 2 absorption cell. This glass cell has a 2.5 cm diameter and a 60 cm length and contains only iodine ͑solid and vapor͒. The transmitted light intensity is measured behind the cell with a photodiode. The length of the cell is chosen to ensure easily measurable absorptions at room temperature. The absorption can be optimized by adjusting the I 2 vapor pressure with a heating wire around the cell.
III. EXCITATION AND DETECTION OF GROUND-STATE ATOMIC HYDROGEN
The excitation and detection scheme for ground-state atomic hydrogen applied in this work is the one that was first demonstrated by Bokor et al. in 1981. 5 In this scheme ͑de-picted on the left in Fig. 2͒ H is excited with two 205.14 nm photons from the 1s 2 S 1/2 ground state to the nϭ3 level. The nϭ3 fine-structure sublevels cannot be resolved within the bandwidth of the 205 nm laser radiation ͑Ϸ0.2 cm Ϫ1 ͒. As a result, in a spectral scan over the two-photon transition both the 3s 2 S 1/2 and the 3d 2 D j states will be excited, according to the two-photon selection rules ⌬lϭ0,Ϯ2. The excitation is monitored by detection of the nonresonant fluorescence on the Balmer-␣ transition at 656.3 nm from the 3d and 3s states to the 2p 2 P j states. Usually it is mentioned that the 3d←1s transition dominates over the 3s←1s transition due to a 7.56 times higher two-photon absorption cross section, 5, 19, 20 but actually it depends on the degree of saturation of the transition whether the relative population of 3d and 3s is determined by the relative transition strength or rather by the ratio of the statistical weights of the respective quantum states. Moreover, we found evidence for a pure statistical distribution of the population over all the nϭ3 sublevels from an accurate measurement of the lifetime of the excited state, 34 even though the applied laser intensity assures that the transition is far from saturation ͑see Fig. 3͒ . This can be explained by a complete l mixing of the quantum states in an electric field. Thus far we have not been able to unambiguously establish the origin of this electric field, but since the nϭ3 lifetime and thus the degree of l mixing does not vary within the plasma jet, it is likely to be the electric field associated with the propagating laser beam.
The scheme described here has some distinct advantages over various other schemes that have been proposed and/or demonstrated. First of all, two-photon excitation avoids some of the problems connected with single-photon excitation, as was mentioned in the Introduction. In addition, when exciting to nϭ3 or higher, fluorescence detection can be performed on a transition back to a state other than the ground state, which will significantly relax the need for suppression of stray light from the laser beam. Several schemes for twophoton excitation of H to nϭ3 and nϭ4 with detection of nonresonant fluorescence have been directly compared to each other. 19 These schemes differ in the number of laser beams and the wavelength combinations used for excitation, the intensity, polarization, and bandwidth of the laser beams, and the wavelength of the fluorescence light. This detailed comparison shows that the above described scheme for twophoton excitation of H with a pulsed, narrow-band 205 nm laser beam gives the largest average number of fluorescence photons per incident laser photon.
Another characteristic of the applied H excitation scheme is that only one additional laser photon is needed for ionization of the excited atom, as is indicated in Fig. 2 . When the laser intensity is increased, this ionization pathway will eventually limit the fluorescence yield, as the rate of nϭ3 depopulation via this process starts to compete with the radiative depopulation rate. This picture can be quantified by applying a rate-equation model for the laser-excited state population, as is, for instance, done in Ref. 19 . This shows that for the H excitation scheme described here ''the average number of fluorescence photons emitted per ground-state atom'' saturates at Ϸ0.1 for a laser intensity around 10 9 W/cm 2 . Usually, as is the case in the experiments described in this article, the laser intensity is kept at least one order of magnitude lower, thereby limiting the total number of particles that emit fluorescence photons to a few percent. Figure 3 shows the two-photon LIF signal of atomic hydrogen from the expanding Ar-H plasma as a function of the laser intensity. For low laser intensities a quadratic dependence of this signal on the laser intensity should be observed, saturating to a lower order dependence for higher intensities. The slope of the data points in the log-log plot indeed equals 2 within the experimental accuracy, from which it can be concluded that the H two-photon excitation does not reach saturation in our experiment and that the LIF signal remains in the quadratic regime over the entire range of laser pulse energies used in our measurements.
Although keeping the laser intensity low, and thereby keeping the LIF signal in the quadratic regime, seems to be a safe situation at first sight, it needs a closer look. Average fluorescence photon numbers per ground-state atom of a few percent indicate relative excited state populations of the same order or higher, and a significant part of this population will end up as an ion-electron pair. In fact, one additional laser photon is sufficient to ionize not only the laser-excited atoms, but all atoms in excited states. Depending on the type of plasma and the ionization degree, these laser-induced excited state, ion, and electron densities can be several orders of magnitude higher than the respective stationary densities. In such a case, the applied laser diagnostic method can hardly be qualified as ''nonintrusive.'' A more complete model is then needed to quantitatively assess the effect of the pulsed laser excitation on the local plasma parameters. This has been investigated in another study concurrently performed in our group. 34 In this study, a time-resolved ''collisional radiative model ͑CRM͒'' for H has been developed that models the response of a system of levels to a temporary disturbance of the level population distribution by, for instance, pulsed laser excitation of one of the levels. The study also deals with the implications for the observed signals and their interpretation. One of the conclusions is that, for conditions typically encountered in the ETP, the ion and electron densities can indeed temporarily increase easily by a factor of 5. Consequently, depending on the exact local plasma conditions, the two-photon LIF signal might suffer from ''selfquenching,'' i.e., quenching of the laser-excited states by electrons that were created through laser-induced ionization. The issue of fluorescence quenching in the ETP is addressed in Sec. IV.
The above described H excitation and detection scheme is used to map the ground-state H distribution in the expanding plasma jet. To achieve this, two-photon LIF measurements are performed at various axial and radial positions. All LIF measurements are acquired by tuning the excitation laser and recording the resulting spectral profile of the two-photon absorption. In the case of velocity measurements, the I 2 absorption spectrum is recorded simultaneously. This will be described in more detail in Sec. VI. As an example, Fig. 4 shows a spectral scan that is recorded in the expanding Ar-H plasma at an axial position zϭ50 mm on the centerline of the expansion ͑radial position rϭ0 mm͒. The H fluorescence signal is for all spectral scans fitted to a Gaussian profile. No non-Gaussian profiles have been observed. From these fits three local quantities are obtained. The local ͑relative͒ density is obtained from the integrated intensity ͑i.e., the area under the curve͒, while the local temperature is derived from the Doppler width of the spectral profile. In addition, the component of the velocity in the direction of the laser is determined from the absolute shift of the center frequency of the spectral profile. In the following sections the determination of each of these quantities will be discussed in more detail.
IV. DENSITY MEASUREMENTS
More important than being truly nonintrusive, a diagnostic method should give representative and reproducible results. In a general pulsed LIF experiment, the observed fluorescence light intensity will be proportional to the lasercreated upper state density after the laser pulse, which in turn will be proportional to the initial lower state density before the laser pulse. The pulse-integrated fluorescence signal S f will therefore be proportional to the density N i of particles in this lower state i, and the LIF technique can effectively probe this density. These general characteristics of the relation between S f and N i can be expressed in the following way:
In this equation the detection efficiency det is the signal generated per fluorescence photon. This factor is only determined by the characteristics of the experimental setup, and its value can be estimated from the solid angle that is captured by the detection optics, the transmission of these optics, the quantum efficiency and gain of the photon detector, etc.
The fluorescence quantum yield q f is given by the Stern-Vollmer factor: FIG. 4 . Example of a spectral scan with simultaneous recording of the H two-photon LIF signal ͑PMT signal, lower trace͒ and the I 2 absorption signal ͑diode signal, upper trace͒. The scan is recorded in the Ar-H plasma jet at an axial position zϭ50 mm on the centerline of the expansion ͑radial position rϭ0 mm͒. The horizontal axis is in units of the fundamental dyelaser frequency. This axis is calibrated by the position of the I 2 absorption lines. To obtain the H transition frequency this scale has to be multiplied by a factor of 6. The H LIF signal is fitted to a Gaussian profile and from this fit the local H density, temperature, and velocity are determined.
This factor is the ratio between the spontaneous emission rate A kl of level k on the transition to level l where the fluorescence is monitored, and the total depopulation rate of the excited state, which is the sum of the total spontaneous emission rate A k and the nonradiative depopulation ͑quench-ing͒ rate Q of level k. The total depopulation rate determines the lifetime k of this state. The excitation efficiency exc generally contains the excitation cross section and the laser photon fluence ͑derived from the laser beam intensity͒, and it depends on the temporal and spectral profile of the laser pulse as well as on the ͑existence of͒ couplings of the excited upper state with other states. 38, 39 The derivation of an analytical expression for exc involves the solution of a set of coupled rate equations for the population of all the levels involved. The value of the proportionality constants can alternatively and more reliably be obtained from a calibration. This is the usual approach to get quantitative density information from a LIF experiment. The calibration procedure for the LIF detection of ground-state hydrogen atoms is the subject of Sec. VII. The linear correspondence ͑1͒ between the LIF signal and the probed lower state density holds not only in the so-called linear limit, i.e., for low laser power and low particle density, but also for higher laser power ͑as is quite common in two-photon excitation LIF experiments͒, as long as the excitation laser conditions do not change. The danger of the LIF technique is in the Stern-Vollmer factor. When uncontrolled depopulation pathways for the laser-excited upper state exist, the value of this factor will change and the observed signal will no longer be proportional to the density of the probed state. This is a serious threat to the diagnostic value of the method.
The most common uncontrolled depopulation mechanism is the collisional quenching of the upper state, which occurs when numerous collisions take place during the radiative lifetime of the excited state, i.e., QϾA k . This is a wellknown problem in the application of LIF in experiments at a high density, as, for instance, encountered in combustion research, but in the field of ͑low-temperature͒ plasma research, where the quenching by electrons can be very efficient, the importance of fluorescence quenching is easily underestimated. As already addressed in Sec. III, the mere application of an intense UV laser for two-photon LIF experiments in plasmas can create a significant ͑extra͒ electron density which potentially leads to a ''self-quenching'' of the fluorescence. 34 The occurrence of quenching can be readily checked in a time-resolved LIF experiment, where the effective lifetime k of the upper state k is measured. This lifetime is directly related to the quenching as can be seen from Eq. ͑2͒. In fact, a measurement of the lifetime will establish the value of the Stern-Vollmer factor, which potentially allows one to correct the density values accordingly. Time-resolved measurements of the fluorescence decay of H in the nϭ3 state require a special fast PMT and a careful deconvolution of the recorded signal with the response function of the detection system to be able to determine the decay time with sufficient accuracy. These time-resolved LIF measurements on H in the expanding thermal Ar-H plasma are reported in detail and compared with model calculations in the above mentioned paper. 34 From that study we conclude that quenching of the H fluorescence from the ETP does not occur. A decay time of ͑10.0Ϯ0.5͒ ns has been observed over the entire range of plasma parameters encountered in the Ar-H plasma jet. Summarizing the discussion in Ref. 34 , this is exactly the decay time expected in the case of a statistical distribution of the population over the nϭ3 sublevels. Arguments that the 10 ns decay time is the result of quenching of the 15.5 ns 3d→2 p natural decay time can be discarded, since the same decay time has been found for a large range of ground-state H and electron densities. Notice that a pressure-dependent measurement, normally performed to generate a SternVollmer plot in a collisional quenching study, is in this case experimentally very difficult, since a change in background pressure will affect the characteristics of the expanding plasma jet all together.
Another uncontrolled depopulation mechanism that might occur is the amplified spontaneous emission ͑ASE͒ of the laser-excited state. The ASE will propagate within a small solid angle around the laser beam axis, and consequently, the upper state population lost in this way will not be observed by the LIF detection branch. ASE of Balmer-␣ radiation ͑H ␣ , 656 nm͒ in a two-photon LIF experiment for detection of ground-state H has been reported both for measurements in a flame, 40 as well as for measurements in a glow discharge plasma. 20 In these studies the possibility of explicitly using the ASE signal for the detection of H is investigated. In the experiments on the ETP reported here, no ASE of H ␣ light has been observed.
A further phenomenon that can disturb the proportionality between lower-state density and an observed LIF signal is the production of the measured atoms by the UV laser itself via photodissociation of molecules. In that way, the laser generates its own signal. This is commonly recognized and described in a number of papers. 16, 21, 23 The effect can even be turned into an advantage by using it to identify an impurity and measure its density via a careful analysis of the line profile in the excitation spectrum 16, 21 ͑see also Sec. V͒. In the expanding thermal plasma generated from a mixture of Ar and H 2 , the only species that could produce H atoms from photodissociation is molecular hydrogen. We checked the possibility of 205 nm photodissociation of H 2 by filling the vessel with pure molecular hydrogen at room temperature. For the highest laser intensity used in our experiments, we did not observe any H LIF signals for pressures up to 100 Pa. This does not fully exclude that photodissociation of H 2 occurs in the plasma, as was also pointed out by Miyazaki et al. 23 While the effect is negligible for room-temperature H 2 , it could still be noticable for hot molecules when the photodissociation cross section is sufficiently enhanced for vibrationally excited molecules. The relative importance of the contribution of photodissociation to the H LIF signal depends in that case among others on the amount of H 2 present in the plasma jet.
Probably the best way to check for photodissociation is to measure the laser-intensity dependence of the two-photon LIF signal from the plasma jet. From Fig. 3 we have already seen that the H LIF signal shows a quadratic dependence on the laser intensity over the entire range of laser pulse energies used in our measurements. When photodissociation by the UV laser occurs, a higher order dependence should be observed, since one extra photon is needed to first generate the atom to be detected. 16 We therefore conclude that in this plasma there is no contribution to the H LIF signal from photodissociation by the UV laser. Figure 5 gives the atomic hydrogen density in the expanding Ar-H plasma as a function of the distance z from the nozzle, i.e., along the symmetry axis of the plasma jet (rϭ0). The measurements have been performed with the laser perpendicular to the plasma jet axis. Notice that the density profile ͑i.e., its shape͒ is determined from the LIF measurements as described above, while the absolute scale for the densities is obtained from a separate calibration as described in Sec. VII A. The H density on the expansion axis starts at Ϸ5ϫ10 20 m Ϫ3 at 1 mm behind the nozzle and drops more than two orders of magnitude in the supersonic part of the expansion (0ϽzՇ20 mm). It then further decays at a slower rate in the region of the shock front (20 mmՇz Շ100 mm) and in the subsonic part of the expansion (z տ100 mm). This axial density profile was quite a surprise to us since it seems to deny the existence of a stationary shock wave structure in the expansion. All the peculiar expansion properties of the Ar-H plasma jet are discussed in a separate paper.
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V. TEMPERATURE MEASUREMENTS
The local atom temperature is derived from the width of the spectral profile of the two-photon transition. The experimentally observed linewidth is the result of the convolution of all contributions to the width. The main contribution comes from the Doppler broadening that results from the velocity distribution of the ground-state atoms. The general expression for the Doppler width ⌬ D ͑FWHM͒ of a twophoton transition, induced by the absorption of one photon with frequency 1 and one photon with frequency 2 with an angle between their k vectors, is
where v is the average velocity of the atom or molecule and c is the speed of light. In the case of absorption of two photons from one single laser beam with a frequency of half the transition frequency 0 ͑ 1 ϭ 2 ϭ 0 /2, ϭ0͒, and with a Maxwellian velocity distribution (v ϭͱ2 ln 2•kT/m), this expression reduces to the well-known relation between the Doppler width and the temperature T:
with k the Boltzmann constant, m the mass of the atom or molecule, and M its weight in amu. The Doppler width ⌬ D is convoluted twice with the linewidth ⌬ L (Ϸ0.2 cm Ϫ1 ) of the UV laser radiation. Assuming a Gaussian spectral profile for the latter, the experimentally observed linewidth ⌬ is simply given by ⌬ϭͱ⌬ D 2 ϩ2⌬ L 2 . In the case of atomic hydrogen, the error in ⌬ D , and thus in the temperature, introduced by this squared summation when the laser spectral profile is non-Gaussian, is expected to be small since the observed linewidths are typically one order of magnitude larger than the laser linewidth.
When the above expressions are applied for the determination of the kinetic temperature from the observed linewidth, one has to ascertain that there are no other effects that have a significant contribution to this width. One effect that can be safely neglected is saturation broadening. The degree of saturation of a transition is given by the saturation parameter, which is basically the ratio between the induced and the spontaneous emission rate of the excited level. 37 Since the induced emission rate is directly proportional to the excitation cross section, the saturation parameter for a two-photon transition will generally be small. More direct evidence that we can neglect saturation broadening in our H measurements comes of course from Fig. 3, which shows that the H twophoton excitation remains in the quadratic regime under the present experimental conditions.
Another effect that should be seriously considered when determining temperatures from LIF measurements in plasmas is Stark broadening. In the plasma investigated in this work it will not significantly contribute to the experimentally observed linewidth, since the Stark broadening of the 3←1 transition in atomic hydrogen, which is mainly determined by the Stark coefficients of the nϭ3 level, is negligible for the range of electron densities and temperatures encountered in the expanding thermal Ar-H plasma ͑n e р10 19 m Ϫ3 , T e Ϸ0.3 eV͒. 41 There is, however, one effect that could seriously disturb the temperature determination, and that is the photodissociation of molecules by the UV laser by which atoms are produced that are subsequently measured in the same laser pulse. This effect is already mentioned in the density section ͑IV͒ since it also affects the proportionality between the initially present lower-state density and the observed LIF signal. The UV photon energy ͑Ϸ6 eV͒ is sufficient to dissoci- FIG. 5 . Atomic hydrogen density in the Ar-H plasma jet as a function of the distance from the expansion nozzle. The axial density profile is derived from spectral scans taken with the laser beam perpendicular to the expansion ͑z͒ axis ͑perpendicular configuration in Fig. 1͒ . The density scale is calibrated via a titration of H generated in a flow-tube reactor, as described in Sec. VII A.
ate a large variety of molecules. Depending on the excess energy, the atomic fragments end up with more than their thermal share of kinetic energy. This gives rise to a large Doppler width and an apparent high atom temperature. Observations of high atomic hydrogen temperatures in rf, microwave, and dc discharges have been associated with photolysis of NH 3 , H 2 S, C 2 H 2 , C 2 H 4 , and Si 2 H 6 . 16, 21, 23 In fact, ''the photolytically produced atoms bear a spectral profile signature characteristic of their precursor molecule,'' and the Doppler width can be used to determine the excess translational energy enabling an identification of the precursor molecule. 16 As already pointed out in Sec. IV, the contribution of photolytically produced atoms to the H LIF signal from the expanding Ar-H plasma is negligible. Special care, however, is needed in the case of H LIF measurements taken from the flow-tube reactor that is used for the calibration of the H LIF signals ͑see Sec. VII A͒. The flow-tube reactor uses a remote microwave plasma to produce H atoms, and these plasmas are prone to produce ammonia with only small quantities of N 2 present in the plasma. 16 The atomic hydrogen temperature profile along the expansion axis of the Ar-H plasma jet is presented in Fig. 6 . The temperature data in this figure have been derived from the same spectral scans as the density data in Fig. 5 . The accuracy in the temperature determination depends on the signal-to-noise ͑S/N͒ ratio of the LIF signal, and on the ratio between the Doppler width of the transition and the linewidth of the excitation laser. Due to the small H mass, the current linewidth of the UV laser radiation is never the accuracy limiting factor in the H temperature determination, not even at room temperature. The profile clearly shows the rapid cooling of the plasma from Ϸ4000 K to Ͻ800 K in the supersonic part of the expansion, and the subsequent temperature rise over the shock region of the expansion due to the conversion of directed kinetic energy into random kinetic energy when the plasma particles collide with the background gas. In contrast to the density profile in Fig. 5 , the temperature profile does exhibit a stationary shock wave structure, thereby constituting a scientific puzzle that is further discussed in Refs. 32 and 35.
VI. VELOCITY MEASUREMENTS
Besides determining the velocity spread, and from that the temperature, of the particles in the plasma jet from the Doppler width, the Doppler shift of the center frequency of the transition can be used to determine the average velocity of these particles. The Doppler shift can be determined either in a relative or in an absolute way. To determine the Doppler shift in a relative way, a Doppler-shifted signal must be compared to a nonshifted signal, which usually requires two laser beams. An absolute determination of the Doppler-shift ''only'' requires an absolute frequency scale, and then the shift is obtained from a comparison of the center frequency with the literature value, but obviously in that case the laser frequency needs to be accurately calibrated. In our case, this is accomplished by using a part of the red dye-laser output for the simultaneous recording of the absorption spectrum of molecular iodine, as is described in Sec. II.
An example of such a simultaneous recording is given in Fig. 4 . In the region of the fundamental dye-laser frequency, the I 2 spectrum shows many absorption lines that are tabulated in frequency to an accuracy of 0.015 cm Ϫ1 . 33 The width of the I 2 absorption lines, which is at room temperature mainly determined by the underlying hyperfine structure, amounts to Ϸ0.03 cm Ϫ1 . The medium is therefore very well suited for the frequency calibration of pulsed dye lasers whose bandwidth is usually in the same order of magnitude ͑in our case 0.07 cm Ϫ1 ͒, and the method is widely used in spectroscopic applications.
Since the Doppler-shift method determines velocities relative to the velocity of light (␦/ 0 ϭv/c), accurate results are not to be expected a priori, and it is worthwhile to address the topic of accuracy into somewhat more detail. In the applied method, the error in the velocity has several sources. The error in the calibrated frequency scale depends on the stepsize in the spectral scan, the signal-to-noise ͑S/N͒ ratio in the I 2 absorption spectrum, and is ultimately limited by the bandwidth of the laser. The attainable minimum error in the ͑fundamental͒ frequency scale is Ϸ0.01 cm Ϫ1 . A further error comes from the determination of the center position of the two-photon transition from the Gaussian fit to the H LIF signal. The error in the observed center frequency depends again on the stepsize in the spectral scan and on the S/N ratio of the H LIF signal. In practice, the overall error in the velocity is mainly determined by this contribution.
A last uncertainty concerns the literature value for the transition frequency. Accurate values for the energies of the individual nϭ3 sublevels can, for instance, be found in Ref. 42 , but since the maximum energy separation between these levels is smaller than the bandwidth of the 205 nm laser radiation ͑and much smaller than the Doppler width͒, these levels are not resolved and the resulting center frequency will be at an averaged value. This leaves some room for the exact reference value to take for the velocity determination. A reference transition frequency could, for instance, be obtained by taking an average that accounts for the selection rules and the relative excitation cross sections of the twophoton transition. The reference value used in this work, however, is obtained from the experiment itself. In a mea- FIG. 6 . Axial temperature profile of atomic hydrogen in the expanding Ar-H plasma. The temperature data are derived from the same spectral scans as the density data in Fig. 5 . surement of the radial velocity in a radial cross section through the ETP, symmetry arguments are used to put the radial velocity on the symmetry axis of the expansion to zero. This leads to the value 0 ϭ97 492.315 cm Ϫ1 . This value is very close to the averaged literature value that accounts for a pure statistical distribution of the population over all the nϭ3 sublevels, which is consistent with the observed lifetime of the excited state, 34 as is discussed in Sec. IV.
The resulting maximum accuracy that can be attained in the determination of the velocity of atomic hydrogen from the Doppler shift of the transition frequency in the twophoton LIF measurements in the Ar-H plasma jet is Ϸ200 m/s, which is a fraction of less than 10 Ϫ6 of the speed of light. This value is consistent with the S/N ratio that we experimentally observe in our velocity measurements. This accuracy is nearly laser linewidth limited and is certainly sufficient to gain valuable information about the flow pattern in the expanding plasma jet, where H atom velocities in the range 0 to Ϸ4500 m/s are observed. Figure 7 shows a measurement of the atomic hydrogen axial velocity component in the expanding Ar-H plasma as a function of the distance z from the nozzle. Notice that these measurements require a laser beam that is ͑anti-͒parallel to the expansion axis, i.e., counterpropagating with respect to the expansion ͑see Sec. II͒. As a reference, we plotted in the same figure the local acoustic velocity of the Ar-H mixture as it has been determined from the H temperature data from Fig. 6 using simple gas-dynamic formulas. The H axial velocity profile clearly shows the last part of the rapid supersonic acceleration in the expansion region up to a maximum velocity of Ϸ4200 m/s, and the subsequent deceleration in the shock region due to the increasing interaction with the background gas, until the velocity becomes subsonic again at zϷ100 mm. From the combined density ͑Fig. 5͒ and velocity ͑Fig. 7͒ data it is concluded that the forward flux of H is not conserved over the shock region in the expansion of a thermal Ar-H plasma, which is a clear deviation of ''normal'' supersonic expansion behavior as described by supersonic expansion theory. [43] [44] [45] The in-depth physical discussion of the expansion properties of the plasma jet is left to a separate paper. 32, 35 
VII. DENSITY CALIBRATION
The density information gained in a LIF experiment, although in principal quantifiable, is in practice qualitative in nature. It was already mentioned above that, in order to get quantitative results from a LIF experiment, the setup usually needs to be calibrated. In the case of short-lived species like radicals or ions, calibration is not trivial. In the Introduction, three different calibration approaches have been mentioned. Here, two of these approaches are used to calibrate the setup for the atomic hydrogen measurements. The first approach uses a ''flow-tube reactor'' as a source of ground-state H atoms, in which the atomic hydrogen concentration is determined by a titration. This method is based on wellestablished flow reactor and titration techniques in chemistry, 24 and is commonly accepted for LIF measurements of ground-state atomic radical densities in plasmas. The method, though, is experimentally quite elaborate and needs careful execution. Of course, one needs to have available a flow-tube reactor specifically adapted to the plasma chamber in which the LIF measurements are performed, and one should attain proper control of the chemistry in this reactor for a reliable calibration result.
The second approach avoids the cumbersome generation of a known amount of atomic hydrogen radicals from an independent source. Instead, a LIF signal is generated from a fixed pressure of a different, stable species by a comparable two-photon excitation scheme. The H density in the plasma jet can then be determined from the ratio of the LIF signals when the ratio of the two-photon excitation cross sections is known. This method is more elegant and experimentally far more easy than the first one, but it relies on critical cross section data not yet confirmed by other experiments.
We will first address both methods separately, and make an assessment based on their comparison afterwards.
A. Titration in a flow-tube reactor
A scheme of the flow-tube reactor is depicted in Fig. 8 . It has been designed to allow implementation in the setup of Fig. 1 without changing any of the other components. A small amount of molecular hydrogen that is diluted in helium flows through a quartz tube that is mounted through the center of a Beenakker-type microwave cavity. 46 Atomic hydrogen is produced in the flow-tube by dissociation of H 2 in the microwave discharge ͑typical power of 50 W͒ that is sustained in the cavity. The main flow continues down the quartz tube and a 0.5 m long teflon tube, transporting H atoms to a position 60 cm downstream from the discharge and only 1 or 2 mm away from the scattering volume of the laser where they are detected with identical excitation and detection geometry and efficiency as in the ETP. The tube material has been chosen to minimize the H atom loss be- FIG. 7 . Axial component of the atomic hydrogen velocity in the Ar-H plasma jet as a function of the distance from the nozzle. The velocity is determined from the Doppler shift in the spectral scans that are taken with the laser beam counterpropagating with respect to the expansion ͑antiparal-lel configuration in Fig. 1͒ . The laser frequency is calibrated by simultaneously recording the I 2 absorption spectrum. The local acoustic velocity of the Ar-H mixture that is derived from the temperature data in Fig. 6 is plotted as a reference.
tween the microwave discharge and the point where H is detected. The length of the tube, or better the transport time, ensures that no excited H atoms arrive at the scattering volume of the laser.
The amount of H present in the scattering volume and responsible for the observed signal is determined via a titration with NO 2 . The NO 2 comes from a calibrated mixture of 2.11% NO 2 in He that can be added to the main flow via a small insert that enters the main transport tube near the end of it. The end of the small titration tube is perforated around its perimeter to enhance the mixing with the main flow. The titration actually determines the H density in the mixing region. To ensure that this density is as close as possible to the H density responsible for the LIF signal in the laser scattering volume, the mixing region should be as close to the exit of the main tube as possible. The 3.5 cm distance between the end of the titration tube and the exit of the main tube, however, is the minimum distance needed for the titration reaction to be complete, as will be discussed below. This distance is small compared to the length of the main tube, and it can therefore be safely assumed that the ground-state H density is constant over the last 3.5 cm of the flow tube. All flows in the flow-tube reactor are accurately controlled with mass flow controllers.
Upon addition of NO 2 , H atoms are lost in the fast reaction:
with a rate constant k of 1.3ϫ10 Ϫ10 cm 3 /s. 47 Solving the symmetric set of rate equations
for the densities n H and n NO 2 of H and NO 2 , respectively, shows that when t→ϱ, i.e., when the reaction is complete, the remaining H density depends linearly on the initial NO 2 density. Figure 9 shows a typical titration curve, i.e., a measurement of the H fluorescence signal from the flow-tube reactor as a function of the admixed NO 2 flow. The dependence is recorded both in a series with increasing flow ͑up͒ and in one with decreasing flow ͑down͒. The H LIF signal decreases linearly with increasing NO 2 flow, as it should, until it becomes indistinguishable from the background ͑end point of titration͒. Given the 1:1 stoichiometric ratio of the titration reaction, the NO 2 density n NO 2 (T) at the x intercept in Fig. 9 , which is necessary to remove all H atoms, equals the original H density n H at the beginning of the titration that gives rise to the LIF signal at the y intercept, or
with p and T the pressure and temperature in the vessel, respectively, k Boltzmann's constant, ⌽ NO 2 (T) the NO 2 flow rate, and the subscript ''tot'' denoting the total density or flow. During the titration, the total flow ⌽ tot is kept constant in order to keep the pressure p in the vessel constant. The increasing flow of the calibrated NO 2 -He mixture is balanced by a decreasing additional pure He flow in the small titration tube. The first equality in Eq. ͑7͒ only holds under certain conditions. First of all, the titration reaction should be complete, i.e., there should be enough time for all the particles to react before they reach the laser scattering volume. This condition can be quantified by evaluating the solution of the set of equations ͑6͒ for the case that the initial NO 2 density n NO 2 ,0 ͑at tϭ0͒ approaches the initial H density n H,0 , i.e., near the end point of titration. This yields 17 The second equality in Eq. ͑7͒ implies the assumption of efficient mixing between the NO 2 /He flow from the titration tube and the main flow.
A proper density calibration furthermore avoids a ''selfgenerated signal.'' As already stated in Sec. IV, the photolysis of H containing molecules by the UV laser, producing H atoms that are subsequently measured in the same laser pulse, disturbs the proportionality between the initially present lower-state density and the observed LIF signal. This effect is likely to occur in the flow-tube reactor since it uses a microwave plasma for the production of H atoms, and these plasmas are known to produce, for instance, ammonia with only small quantities of nitrogen present in the plasma. 16 The occurrence of UV photolysis of impurities from the flow-tube reactor can be easily checked by examining the Doppler width of the H LIF signal. This should yield a temperature close to room temperature. As already pointed out in Sec. V, impurities can be identified by an apparent high atom temperature. The Doppler width of the H LIF signal from the flow-tube reactor corresponded to a temperature of Ϸ400 K, which is slightly elevated above room temperature. We strongly believe, however, that this is not the result of photolysis of impurities. It is more likely the residual temperature from the microwave plasma in which the H atoms are produced.
In the titration shown in Fig. 9 , the end point of titration is not very sharply determined and is therefore derived from a linear fit to all the data points except for the ones at the two highest NO 2 flow rates, yielding ⌽ NO 2 (T) ϭ0.69Ϯ0.04 sccm.
The corresponding initial H density can now be derived from Eq. ͑7͒ using the settings pϭ2.4ϫ10 2 Pa, Tϭ300 K, and ⌽ tot ϭ504 sccm, resulting in n H ϭ͑7.8Ϯ2.6͒ϫ10
19 m Ϫ3 . The accuracy in n H is mainly determined by the relatively large uncertainty in the value for the vessel pressure p that was read from a mechanical manometer. This is currently subject to improvement.
We can now evaluate the condition for linearity and complete titration, i.e., the value of kn H,0 t. The reaction time t is determined by the 3.5 cm distance between the end of the titration tube and the exit of the main tube and by the flow velocity. Using the above values yields tϭ2.1 ms and kn H,0 tϭ21. This shows that the condition for linearity and complete titration is only just fulfilled. According to Eq. ͑8͒, the remaining H density at the end point of titration is Ϸ5 ϫ10
Ϫ2 n H,0 , which corresponds to a signal value of about 4 mV in Fig. 9 . This is in agreement with the measured signal at the end point of titration that is determined from the linear fit. The H fluorescence signal in Fig. 9 is expressed as the amplitude of the PMT signal on the oscilloscope. This signal value sensitively depends on the laser pulse energy ͑120 J for this case͒, the laser frequency, and the degree of overlap of the excitation volume with the detection volume. The difference between the signal value at the beginning of the first measurement series ͑up͒ and at the end of the second series ͑down͒ is indicative of the reproducibility of the measurement. It is therefore of upmost importance to change as little as possible when switching between the recording of the H LIF signal from the flow-tube reactor and that from the expanding thermal plasma. In practice this means that the two measurements should be performed directly after each other. Finally, when converting H LIF signal values from the ETP to H densities one should take into account that the laser linewidth is smaller than the width of the induced transition.
Since the H atom temperature in the two recordings will generally be different, this demands one to compare only spectrally integrated signal values. Thus by scaling the above found H density with the ratio between the spectrally integrated LIF intensity from the plasma jet and that from the flow-tube reactor, we are able to determine the spatially resolved absolute H density in the ETP. Now that we have quantitative H density values, we can estimate the detection limit of the two-photon excitation laser-induced fluorescence technique for ground-state atomic hydrogen in the plasma jet. From the density measurements we infer a noise-equivalent two-photon LIF detection limit for H in our experimental setup of 10 15 m Ϫ3 . Notice that the solid angle of detection is limited to 4.9ϫ10 Ϫ2 sr by the geometry of our experimental setup. In smaller setups the detection limit can be smaller by a factor proportional to the increase in solid angle. The absolute accuracy of the density measurements depends on the accuracy of the calibration, which is currently limited to 33%. The relative accuracy ͑re-producibility͒, however, depends on the signal-to-noise ratio in the LIF measurements and can be orders of magnitude better ͑see, for instance, Fig. 5͒ .
B. Two-photon excitation of krypton
The basic idea behind a radical density calibration using a known density of a stable species is to find and use an excitation and detection scheme in a stable species as similar as possible to that of the radical. This warrants a comparable response ͓Eq. ͑1͔͒ to the laser excitation, especially when ͑in addition͒ the excitation wavelengths are close to each other, which allows the excitation conditions ͑laser spectral, temporal, and beam profile, intensity, and focusing͒ to be the same in the two LIF measurements.
The excitation and detection scheme for krypton that is used in the atomic hydrogen density calibration is depicted on the right in Fig. 2 . In this scheme Kr is excited with two 204.2 nm photons from the 4p 6 1 S 0 ground state to the 5 pЈ͓3/2͔ 2 state. The resulting nonresonant fluorescence from this state to the 5sЈ͓1/2͔ 1 state is detected at 826 nm. Figure 2 clearly shows the resemblance of the H and Kr excitation and detection schemes. In both schemes the excitation is on a two-photon transition, which gives a quadratic response to the laser intensity in the small signal limit ͑low laser intensity͒. The wavelengths used for excitation are in addition nearly equal and can actually be generated from the same dye solution in the tunable dye laser. This means in practice that we can switch between H and Kr measurements within an instant; the laser is tuned to the other wavelength and only the fluorescence filter in front of the PMT has to be replaced. In the quadratic regime and under equal excitation conditions, the ratio of the ͑temporally and spectrally integrated͒ fluorescence signals S X that are given by Eq. ͑1͒, where XϭKr or H, reduces to [27] [28] [29] Here n X is the ground-state density of X atoms, I X is the corresponding laser beam energy, X is the photon frequency, A X is the Einstein transition probability for the detected spontaneous emission, X is the lifetime of the excited state, T X is the transmission of the optical detection branch for the detected fluorescence, and X is the detector quantum efficiency at the corresponding wavelength. The solid angle that is captured by the detection optics and the gain of the photon detector are the same in the two LIF measurements. The ratio of the two-photon excitation cross sections X (2) has recently been measured to be Kr ͑2͒ / H (2) ϭ0.62.
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For the Kr LIF measurements the vacuum chamber has been filled with 10 Pa Kr at room temperature which corresponds to a Kr density of 2.4ϫ10 21 m Ϫ3 . The two-photon transition in Kr, that is induced here for the H density calibration, is easily saturated. The transition is, for instance, known to readily generate ASE, enhanced by its small Doppler width. 49 Since Eq. ͑9͒ only holds in the quadratic regime, special care has been taken to avoid saturation of the transition. Figure 10 shows a measurement of the Kr fluorescence signal at resonance as a function of the laser pulse energy. Two different regimes can be clearly distinguished. At energies below 0.18 mJ the Kr fluorescence yield is a quadratic function of the laser energy. At higher energies the transition starts to saturate and in this regime the Kr LIF signal has a lower order response to the laser intensity. The Kr LIF measurements for the H density calibration have therefore been performed at a 0.12 mJ laser pulse energy. From Fig. 3 we know that the H two-photon transition does not saturate for laser pulse energies р1 mJ. For the calibration measurements on H a 0.4 mJ laser pulse energy has been used.
As already mentioned in Secs. III and IV, the lifetime H of the H nϭ3 excited state has been measured to be ͑10.0 Ϯ0.1͒ ns, which suggests a statistical distribution of the population over the nϭ3 sublevels. This is independent of the position in the plasma jet and of the plasma parameters, as discussed in Ref. 34 . The lifetime Kr of the Kr 5pЈ͓3/2͔ 2 state is found to be ͑35.4Ϯ2.7͒ ns, in agreement with the value recently measured by Niemi et al. 27 This value differs from the previously reported radiative lifetime of this state ͑26.9 ns 50 ͒. We obtain the product A Kr Kr from the branching ratio of the observed Kr transition, which is 0.95. 50 This implies a value of 2.7ϫ10 7 s Ϫ1 for the Einstein coefficient A Kr . Table I involved in the H density calibration via krypton, using Eq. ͑9͒. Figure 11 shows two axial profiles of the absolute atomic hydrogen density in the expansion of a thermal Ar-H plasma. One density profile is calibrated via a titration in a flow-tube reactor, the other via a two-photon LIF measurement of krypton. The axial profiles are plotted in the region between 50 and 100 mm from the cascaded arc nozzle. In this supersonic region the plasma jet characteristics are mainly determined by the cascaded arc geometry and parameter settings, which were the same for the two density profile measurements. The comparison shows that the H density values determined by the two different methods agree quite well with each other when the two-photon excitation cross-section ratio Kr
͑2͒
/ H (2) ϭ0.62 from Ref. 27 is used. Actually, there seems to be a small systematic difference between the two profiles. We can alternatively calibrate the new ''rare gas method'' with the ''flow-tube reactor method.'' Putting the two profiles on top of each other gives Kr ͑2͒ / H (2) ϭ0.56. These values agree with each other within the experimental accuracy estimated to be around 50% in both cases. This comparison therefore validates the H density calibration via a two-photon LIF measurement of Kr, which is experimentally far more easy than the calibration with the flow-tube reactor once the values of the parameters in Eq. ͑9͒ are accurately determined.
